In order to overcome the difficulties associated to the solubility and mechanical integrity of polyaniline (PAni) films, in this work we develop a binder by mixing PAni in the oxidized and undoped state (emeraldine base form) with 4-chloro-3-methylphenol, a plasticizer, and solvent. This binder has been used as a coating alone or combined with a conventional nitrocellulose paint to formulate the called Smart Paint. The characterization of binder films, which are cohesive and self-standing, shows the preservation of PAni properties, indicating that they satisfy the typical characteristics of anticorrosive coatings.
INTRODUCTION
Many metals undergo corrosion in an interval of potentials defined by the pH and the surrounding conductive electrolyte. However, the corrosion can be arrested by making more negative the potential through a current that flows onto the metal from the electrolyte (cathodic protection). Another effective technique to prevent corrosion on a metal surface is to transform it into the anode of an electrochemical cell, controlling the potential in a zone where the metal is passive (i.e. passivation interval for the anodic protection) [1] . In opposition to cathodic protection, anodic protection applies anodic current on the structure to be protected.
The fundamental principles of the anodic protection technique were introduced in the middle of the twentieth century, when it was applied to control the corrosion in boilers made of stainless steel exposed to sulfuric acid solutions [2, 3] . Currently, anodic protection is particularly effective to prevent corrosion damages in steel tanks and pipes in contact with concentrated acid and alkaline environments. Application of this protection technique to common and relatively cheap austenitic stainless steels allows not only to reduce the economic impact of corrosion but also to preserve the environment.
Anodic protection involves raising the potential of the metal for the development of a passive thin layer at the surface, which is formed by oxides of the own metal. This oxide layer acts as a protective barrier able to isolate the surface of the substrate from the electrolyte [2, 4] . In practice, anodic protection can be used to protect metals and alloys (e.g. iron, carbon steel, stainless steel, titanium, aluminum, chrome, and nickel) from extremely corrosive environments (e.g. sulfuric and phosphoric acids, and caustic soda) [5] .
The corrosion in harsh environments has aroused in the scientific community the need to formulate smart coatings that stimulate upon external effects (pressure, temperature, corrosion, stress, physical contact with other materials, etc.), allowing a selective, fast and effective response to protect against corrosion of metallic materials. There are records in literature of several initiatives in the production of smart coatings (e.g. as paints constituted of pigments of zeolitic rock, nanoparticles of CeO 2 , Cr 2 O 3 and conductive polymers). These smart coatings use the intrinsic properties of their components, which associatewith specific technologies and environments, to combat the action of corrosive processes [6] [7] [8] .
Coatings based on intrinsically conducting polymers (ICP) represent a promising alternative to anodic passivation for the protection of metals, complementing or even replacing the application of external anodic currents. Due to their intrinsic properties, oxidized ICP in contact with metals undergo a reduction inducing the formation or preservation of protective oxides, as occur upon the application of an external current [9] [10] [11] [12] [13] .
The temporal efficacy of these films in the passivation of the metals increases with the amount of ICP.
Passivation of metals using ICP is due to layers of protective oxides produced through an electron transfer mechanism (i.e. oxidation-reduction reactions in the metal/polymer system). Accordingly, totally or partially oxidized (charged) ICP provide protection to the metal against corrosion until they become totally uncharged (i.e. 100% of reduction) [12, 14] .
Another requirement to protect metals using this technology is based on the fact that the reduction of the ICP and the passivation of the metal must occur in the same interval of potentials. Specifically, the layer of protective oxides produced during the passivation process disappears when the reduction potential of the ICP is lower than the passivation potential of the metal [9,11 and 12] . If the reduction potential of the ICP is lower than the passivation potential of the metal in the electrolytic medium, the reduction of the polymer results in a faster corrosion process of the metal substrate. This is because the reduction of the polymer occurs below the Flade potential, where corrosion is accelerated.
Direct application of ICP in corrosion protection is frequently limited by the poor solubility and processability of these materials, which are typically employed as pigments dispersed in conventional polymeric matrices [15] [16] [17] [18] [19] . Passivation using such strategy requires a concentration of ICP high enough to guarantee the physical contact between pigment particles as well as between the pigment particles and the metal surface. This condition is also required by zinc-containing coatings typically used for the cathodic protection of metals, even though in such paints the high content of zinc particles acts in detriment of the mechanical properties of the protective film.
Synthesis of ICP is usually performed using relatively simple and safe processes in aqueous solutions. Furthermore, these materials, which are obtained using relatively cheap monomers, frequently combine two interesting properties: good environmental stability and reversible oxidation-reduction processes [20] .
Polyaniline (PAni) is the most extensively studied ICP, which should be attributed to its unique characteristics: chemical stability, relatively high electrical conductivity, some solubility in organic solvents, excellent environmental stability of its conducting and nonconducting forms, and, specially, the simplicity of the synthetic route used for its preparation and the low cost of the monomer (aniline) [21] [22] [23] [24] [25] . PAni can be found in two reduced forms (i.e. leucoemeraldine base and protonated leucoemeraldine) and two oxidized forms (i.e. the half oxidized emeraldine base and protonated emeraldine, abbreviated PAni EB and PAni EP, respectively) [13] .
PAni EP (conductive) has been used in most studies of production of organic coatings as pigment (powder) dispersed in a conventional polymeric matrix. This configuration prevents the maximum physical contact among polymeric PAni chains and with both the electrolyte and the metal to be protected, representing a reduction in in the formation and maintenance of protective oxides on metallic substrates. However, self-standing films with conducting PAni using plasticizers and dopant plasticizers were successfully prepared and applied for the inhibition of electromagnetic radiation [21, 26] . Unfortunately, materials with ionic or electronic conducting properties should be avoided to preserve the barrier properties of the protecting coating.
These features have motivated the present study, which is aimed to use oxidized and undoped PAni EB for the preparation of adherent anticorrosive coatings based on selfstanding films with good barrier properties. For this purpose, oxidized and doped PAni EP has been transformed into PAni EB, and subsequently combined with a plasticizer, 4-chloro-3-methylphenol (CMP), and an organic solvent to produce a binder. In order to obtain organic coatings able to protect metallic substrates from corrosion using the anodic passivation mechanism, this binder was produced using two different strategies: addition of the binder to a conventional paint and direct application of the binder as a resin to form the Smart Paint.
The contribution of this study to the present knowledge about ICP-based coatings is associated to the fact that PAni is added to the paint after being mixed with a plasticizer, allowing its incorporation as a resin and not as a pigment (finely milled powder of PAni), as it is usually done [27] [28] [29] . By applying this procedure, it is expected that, inside the coating, PAni particles/molecules will be in physical contact among them and with the metallic 
Binder preparation
For the production of Smart Paint and PAni EB films was necessary the production a binder that allows the homogeneous solubilization of PAni EB in a plasticizer, as the CMP, with the aid of an organic solvent. The PAni EB binder was produced by mixing PAni EB, CMP and CHCl 3 (1:2:10 mass ratio) in a closed flask with mechanical agitation at 1500 rpm (Dispermat Model N1) for 6 h.
Smart Paint preparation
The preparation of the Smart Paint was performed with the incorporation of PAni EB binder to a commercial paint based on nitrocellulose (Nitrocellulose Lacquer ZynaMix AUTOCOLOR, produced by Pittsburgh Plate Glass Company Industries Brazil (PPGBrazil)). This permits the complete incorporation of the PAni as a resin and not as a pigment.
Two different Smarts Paints, which differ in the concentration of PAni EB binder, were prepared by mixing this product (0.25% w/w and 0.50% w/w) with Nitrocellulose
Lacquer ZynaMix AUTOCOLOR, produced by PPG -Brazil. The mixture was kept under agitation at 1500 rpm (Dispermat Model N1) for 2 h.
Anodic protection assays were performed by applying the binder alone (hereafter denoted "PAni EB Film") and mixed with a commercial nitrocellulose paint (hereafter referred as "Smart Paint"). AISI 1006 steel panels were used as metallic substratum for corrosion experiments. The elemental composition of this steel is: C < 0.08%, Mn > 0.25% and < 0.40%, P < 0.04% and S < 0.05%. Rectangular steel pieces of 12550 mm 3 and 150100 mm 3 were degreased at 45 ºC for 15 min with a commercial alkaline degreaser (Saloclean 619L -Klintex Insumos Indústrias Ltda), washed with distilled water and, subsequently, dried using an airflow.
Equipments
The PAni EB binder was applied by spin coating directly onto the steel substrate at 1000 rpm during 10 s and, subsequently, at 2500 rpm during 30 s. Spin coating was performed using a Spin Coater KW-4A. Smart Paint was applied by immersion of steel panels in a Deep-Coating MA 765-Marconi using an immersion speed and immersion time of 10 mm·s -1 and 30 s, respectively. After coating, steel panels were dried by keeping them at room temperature for 48 h. Films for spectroscopic assays were obtained using similar procedures but on glass panels, from which they were easily peeled off. The thickness of the films was determined using a Fischer Dualscope MP20 equipment and corresponds to the average of nine independent measures at different zones of each film.
Structural characterization of the coating films was performed using a Perkin Elmer Films were prepared by spreading the PAni EB binder onto glass substrates. After solvent evaporation, the detached films were found to be self-standing showing good mechanical integrity. Films, which were completely cured after 48 h, were analyzed by optical microscopy ( Figure 2ab ) and SEM ( Figure 2cd ).
As it can be seen, images and micrographs revealed a compact and homogeneous material in which there is no possibility of distinguishing between the CMP and PAni EB components. In SEM images (Figures 2cd), it can be seen that the PAni is not present in the form of a finely divided powder but in the form of a polymer with its macromolecules dispersed with the aid of the plasticizer. Figure 2 
FTIR and Raman Spectroscopy
The FTIR spectrum of PAni EB (Figure 3) shows intense absorption bands at 1580 cm -1 and 1493 cm -1 , which were associated with the C=C Aromatic stretching of the quinoid and benzenoid rings, respectively. This assignment was corroborated by the ratio of these peaks, which evidenced that the presence of quinoid and benzenoid units was similar (i.e. 50% of each type), as is characteristic of the emeraldine base form [10, 17] . On the other hand, the FTIR spectrum recorded for the PAni EB Films (Figure 3 ) clearly correspond to the sum of the bands detected in the spectra of the binder's individual components (i.e. CMP and PAni EB).
Figure 3
The bands observed in the Raman spectrum of PAni EB (Figure 4 ) at 1612 and 1591 cm -1 were assigned to the C-C stretching of the benzenoid ring and the C=C stretching of the quinoid ring, respectively, whereas the bands at 1497 and 1470 cm -1 were attributed to the C=N stretching of oxidized PAni [31] [32] [33] [34] [35] . The reduction of PAni is typically related with conformational changes in the dihedral angles linking the quinoid and benzenoid rings, which affect the bands of the oxidized PAni at 1591 and 1167 cm -1 [31] . However, these alterations are not identified in Figure 4 . On the other hand, protonated PAni typically shows a band related with the C-N + stretching, which appears in the 1300-1350 cm -1 region of the Raman spectrum [31, 33] . As it was expected, the Raman spectrum displayed in Figure 4 for the PAni EB Film corresponds to the sum of the PAni EB and CMP spectra.
The overall of the results corroborate that the PAni produced in this work corresponds to the emeraldine base, remaining in such oxidized non-conducting state when it is incorporated to the PAni EB Film. Thus, CMP does not act as a reducing and/or protonic agent for PAni EB, which is consistent with its role as protecting agent able to promote the anodic protection effect in passivized metals associated to a barrier effect. The semicircle at high frequencies indicates the presence of a charge transfer process at the interface between the coating and the electrodes, which corresponds to the reduction of the polymer and the oxidation of the metal for the formation of the passivating oxide layer.
The charge transfer resistance, which is determined by the diameter of semicircle, is lower for the steel electrode coated with the PAni EB Film than for the bare electrode. This should be attributed to the fact that the charge transfer process is slower at the electrolyte/metal interface than at the PAni EB Film/metal interface [40] [41] [42] [43] . On the other hand, after the effective anodic protection period, coatings developed in this work (PAni EB Film and Smart Paint) did not undergo a re-oxidation, even though they were maintained in an oxygen-containing environment. Such re-oxidation is essential to enlarge the protection imparted to the coated metal against the corrosion. 
